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(54) Memory management in fault tolerant computer systems 



(57) A memory management system for a fault tol- 
erant computer system includes a first recording mech- 
anism (25) which can be activated to record memory up- 
date (write) events, a second recording mechanism (26) 
having a capacity to record at least a limited number of 
memory update events, a fault input for a fault signal to 
activate the first recording mechanism in the event of a 
fault (out-of-sync) event and a memory reintegration 
mechanism (27) to reintegrate at least parts of memory 
identified in the first and second recording mechanisms. 
The recording of memory updates is preferably done on 
a page basis using a dirty RAIVI and secondary dirty 
page record. Recovery from a minor out-of-sync event 
between processing sets in a lockstep system can be 
achieved rapidly and efficiently by copying memory pag- 
es identified in the first and second recording mecha- 
nisms from a running to an out-of-sync processing set 
as only a relatively small number of locations within the 
memory system of either the out-of-sync or the running 
processing set system will have been modified. 
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Description 

The invention relates generally to fault tolerant com- 
puter systems such as lockstep fault tolerant computers 
which use multiple subsystems that run identically. 

In such lockstep fault tolerant computer systems^ 
the outputs of the subsystems are compared within the 
computer and, if the outputs differ some exceptional re- 
pair action is taken. 

Figure 1 of the accompanying drawings is a sche- 
matic overview of an example of a typical system, in 
which three identical processing (CPU) sets 10. 11, 12 
operate in synchronism (sync) under a common ciock 
16. By a processing set is meant a subsystem including 
a processing engine, for example a central processing 
unit (CPU), and internal state storage. Figure 2 of the 
accompanying drawings is a schematic representation 
of such a processing set. This shows a processing en- 
gine 20. internal state storage (memory) 22 and an in- 
ternal bus 23. The processing set may include other el- 
ements of a computer system, but will not normally in- 
clude input/output interfaces. External connections are 
also provided, for example a connection 1 3 from the in- 
ternal bus 13, an input 15 for the external clock 16 and 
hardware interrupt inputs 14. 

As shown in Figure 1, the outputs of the three 
processing sets 10, 11, 12 are supplied to a fault detec- 
tor unit (voter) 17 to monitor the operation of the 
processing sets 10, 11, 12. If the processors sets 10, 11. 
12 are operating correctly, they produce identical out- 
puts to the voter 17. Accordingly, if the outputs match, 
the voter 17 passes commands from the processing 
sets 10, 11. 1 2 to an input/output (I/O) subsystem 1 8 for 
action. If, however, the outputs from the processing sets 
differ, this indicates that something is amiss, and the vot- 
er causes some corrective action to occur before acting 
upon an I/O operation. 

Typically, a corrective action includes the voter sup- 
plying a signal via the appropriate line 1 4 to a processing 
set showing a fault to cause a "change me" light (not 
shown) to be illuminated on the faulty processing set. 
The defective processing set is switched off and an op- 
erator then has to replace it with a correctly functioning 
unit. In the example shown, a defective processing set 
can normally be easily identified by majority voting be- 
cause of the two-to-one vote that will occur if one 
processing set fails or develops a temporary or perma- 
nent fault. 

However, the invention is not limited to such sys- 
tems, but is also applicable to systems where extensive 
diagnostic operations are needed to identify the faulty 
processing set. The system need not have a single vot- 
er, and need not vote merely I/O commands. The inven- 
tion is generally applicable to synchronous systems with 
redundant components which run in lockstep. 

Lockstep systems depend on total synchronisation 
of the processing sets that make up the fault tolerant 
processing core. Accordingly, the processing sets need 



hardware which operates identically, and. in addition, 
the internal stored state of the data in the processing 
sets also needs to be identical. Part of the process of 
integrating a new processing set into a running system 

5 involves copying the contents of the main memory of a 
running system to the new processing set. Because 
main memory can be very large, for example of the order 
of gigabytes, this process can take rather a long time in 
computing terms. 

w Lockstep computer systems can go out of sync for 
various reasons. The prime reason is a failure of a single 
processing set in a permanent way. Recovery from such 
a failure normally involves removal of the failed unit, re- 
placement with a functioning unit and reinstatement of 

/5 the functioning unit. Clearly, the new processing set will 
have no notion of the contents of memory of a running 
processing set, and all of the main memory from the run- 
ning system will have to be copied to the new processing 
set. 

20 Other less traumatic out-of-sync events can often 
be diagnosed automatically by the running computer 
system and can lead to the automatic reintegration of 
the out-of-sync processing set without its replacement. 
For example, a soft data error in a dynamic memory, 

2S perhaps caused by a cosmic ray event, could cause a 
minor upset in operation that could be fixed automati- 
cally. However this has still required the reintegration of 
the memory state of the out-of-sync processing set, that 
is the copying of the contents of the main memory from 

30 a running system to the out-of-sync processing set. Ac- 
cordingly, because of the main memory can be very 
large, this can still take a long time in computing terms. 

The invention seeks to provide an automatic and 
rapid way of recovering from minor out-of-sync events 

35 which avoids the problems of the prior art. 

In accordance with one aspect of the invention, 
there is provided a memory management system for a 
fault tolerant computer system, the memory manage- 
ment system comprising: a first recording mechanism 

40 which can be activated to record memory update 
events: a second recording mechanism having a capac- 
ity to record at least a limited number of memory update 
events: a fault input for a fault signal to activate the first 
recording mechanism in the event of a fault event: and 

45 a memory reintegration mechanism to reintegrate at 
least parts of memory identified in the first and second 
recording mechanisms. 

Embodiments of the invention take advantage of 
the fact that, after a minor out-of-sync event between 

50 processing sets in a lockstep system, most of the mem- 
ory contents of the out-of-sync processing set is initially 
identical to that in a running system. Only a relatively 
small number of locations within the memory system of 
either the out-of-sync processing set or the running sys- 

55 tem will have been modified. However the divergence 
will increase with time as the running system continues 
to operate and execute its normal processing load. Em- 
bodiments of the invention allow for the divergence to 
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be tracked and accounted for and. moreover for any 
memory update events around the out-of-sync event 
and before the first recording mechanism has been ac- 
tivated to be caught. 

Preferably the recording of memory updates 
(writes) is not based on recording each address ac- 
cessed, but rather on memory segments (pages) updat- 
ed (written to). In other words, the first and/or second 
recording mechanisms preferably record the segments 
(or pages) updated (written to). This can be done effec- 
tively using a segment (or page) memory with a bit per 
segment (page) for identifying the segments (pages) 
written to. 

In accordance with another aspect of the invention, 
there is provided a fault tolerant computer system com- 
prising a plurality of synchronous processing sets, each 
comprising a processor with internal memory and oper- 
ating in lockstep, and an out of sync detector for detect- 
ing an out-of sync-event and for generating an out-of- 
sync signal, wherein each processing set also compris- 
es: a first recording mechanism which can be activated 
to record memory write events: a second recording 
mechanism having a capacity to record at least a limited 
number of memory write events: a fault input for receiv- 
ing the out-of-sync signal to activate the first recording 
mechanism in the event of an out-of-sync event: and a 
memory reintegration mechanism to reintegrate in an 
out-of sync processing set at least parts of memory iden- 
tified in the first and second recording mechanisms. 

In accordance with a further aspect of the invention, 
there is provided a method for reintegration of a 
processing set of a fault tolerant computer system fol- 
lowing a fault, wherein the fault tolerant computer sys- 
tem comprises a plurality of synchronous processing 
setS: each comprising a processor and internal memory 
and operating in lockstep, and a fault detector for de- 
tecting a fault event and for generating a fault signal, the 
method comprising: maintaining a temporary record of 
memory update events over a limited period: respond- 
ing to a fault to activate a further record of memory up- 
date events following the fault state: and performing 
memory reintegration in a processing set in which a fault 
has occurred for at least those parts of memory identi- 
fied in the temporary and further memory records. 

In an embodiment of the invention a record is kept 
of at least selected memory access events (memory 
write events) to main memory after the out-of-sync 
event, so that only the modified memory locations need 
to be copied to reintegrate the out-of-sync processing 
set. 

In one embodiment of the invention, the first record- 
ing mechanism is a memory management unit compris- 
ing a RAM with an entry for each of a plurality of memory 
pages, a code being written to a page entry each time 
that page is written to when the first recording mecha- 
nism has been activated. 

Preferably, the first recording mechanism has an 
enable input connected to received the fault (out-of- 



sync) signal. 

The first recording mechanism can record an arbi- 
trarily large number of written pages, up to the total 
number of pages in the processing unit. 

5 The second recording mechanism preferably main- 

tains a rolling record of recent, memory update events 
up to a number sufficient to cover the time to activate 
the first recording mechanism following a fault event. 
The second recording mechanism can comprise a 

10 first-in-first out buffer, the first recording mechanism in 
one embodiment being connected to an output of the 
first-in-first-out buffer In this configuration, the first-in- 
first-out buffer stores up to a predetermined number of 
update addresses^ an address decoder can be connect- 

15 ed to the output of the first-in-first-out buffer to generate 
a page signal representative of a memory update ad- 
dress output from the first-in-first-out buffer and the ad- 
dress decoder is responsive to the out-of sync signal to 
pass the page signal to the first recording mechanism. 

20 Alternatively, the second recording mechanism can 
comprise a logic analyzer This can reduce implemen- 
tation costs as fault tolerant computers typically include 
a -logic analyzer for fault analysis. 

Where the output of the second recording mecha- 

25 nism does not form the input to the first recording mech- 
anism, the operation of the second recording means is 
preferably inhibited in response to the out-of-sync sig- 
nal. 

The first recording mechanism can comprise a soft- 
30 ware generated table in which a record corresponding 
to. a page of memory is marked with a code whenever 
that page has been written. This record can be main- 
tained by software which updates entries in the transla- 
tion look-aside buffer of the processor The second re- 
35 cording mechanism can be the contents of the TLB to- 
gether with a list of pages recently flushed from the TLB. 

In response to an out-of-sync input, software can 
search the TLB and the list for pages which may recently 
have been written and may mark these as written in the 
-io first recording mechanism, then continue to maintain the 
first recording mechanism until the processing units are 
reintegrated. 

Preferably, the memory reintegration mechanism is 
operative to reintegrate memory pages identified in the 

■^5 first and second recording mechanisms. 

The invention is applicable to a computer system 
comprising three synchronous processing sets operat- 
ing in lockstep, wherein an out-of-sync detector deter- 
mines an out-of-sync processing set by majority voting. 

50 In this case, reintegration of an out-of-step process- 
ing set can be achieved by, in response to the identifi- 
cation of an out-of-sync processing set, selecting one 
of the remaining two processing sets, supplying an in- 
terrupt to the out-of-sync processing set and the remain- 

55 ing processing set to cause the out-of-sync and remain- 
ing processing sets to idle, reintegrating one of the out- 
of-sync and remaining processing sets while maintain- 
ing a software log of memory write events, and then re- 
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integrating the other of the out-of-sync and remaining 
processing sets using the soltware log. 

The invention described can reduce the reintegra- 
tion time of a processing set in a lockstep fault tolerant 
computer from many minutes to just fractions of a sec- 
ond. During the reintegration period, the computer is vul- 
'nerable to a further failure in the running processing set. 
Thus the reduction in reintegration time has a significant 
benefit on the overall availability of the computer. 

Embodiments of the invention will be described 
hereinafter with reference to the accompanying draw- 
ings in which like reference signs relate to like features 
and in which: 

Figure 1 is a schematic overview of a triple-modu- 
lar-redundant fault tolerant computer system: 
Figure 2 is a schematic representation of elements 
of a processor set of the system of Figure 1: 
Figure 3 is a schematic representation of a proces- 
sor set of an embodiment of the invention: 
Figure 4 is a schematic representation of a memory 
management unit: 

Figure 5 is a schematic representation of an exam- 
ple of a first recording mechanism: 
Figure 6 is a schematic representation of an exam- 
ple of a secondary recording mechanism: 
Figure 7 is a schematic representation of another 
example of a secondary recording mechanism: 
Figure 8 is a schematic representation of an exam- 
ple of a combined first and secondary recording 
mechanism: and 

Figure 9 is a schematic representation of an alter- 
native configuration of the example of Figure 8. 
Figure 3 is a schematic block diagram to represent 
elements of an example of the invention in function- 
al terms. Figure 3 generally represents one of the 
processing sets 10/11/1 2 for a fault tolerant compu- 
ter system such as, for example, the system shown 
in Figure 1 . 

In Figure 3, a processing engine (e.g, a central 
processing unit (CPU)) 20 and internal state storage 
(memory) 22 are connected by an internal bus 23. Ex- 
ternal connections are also provided, for example a con- 
nection 13 from the internal bus 23, an input 15 for an 
external clock and hardware interrupt input 14. 

Also shown schematically in Figure 3 are a first re- 
cording mechanism 25 which can be activated to record 
memory update events, a second recording mechanism 

26 having a capacity to record at least a limited number 
of memory -update events and a memory reintegration 
mechanism to reintegrate at least parts of memory iden- 
tified in the first and second recording mechanisms. As 
shown in Figure 3, each of the mechanisms 25, 26 and 

27 is shown connected to the internal bus 23. This is 
because the first and second recording mechanisms 25 
and 26 need to monitor memory access events to iden- 
tify when and where memory updating occurs (memory 
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writes). Also the reintegration mechanism 27 needs to 
access the first and second recording mechanisms to 
determine where memory writes have occurred in the 
memories of out-of-sync and running processing sets 

s and then to copy corresponding memory portions from 
the running to out-of-sync processor set memories. 
However, the mechanisms 25, 26 and 27 can be imple- 
mented in various ways as will be explained in the fol- 
lowing description. Various implementations involve dif- 
ferent combinations of hardware and software and in- 
terconnection of the various elements will typically differ 
from that illustrated in Figure 3. For example, the reinte- 
gration mechanism wilt typically be implemented in soft- 
ware, and may be implemented in a control computer 

/5 associated with and/or forming part of the voter 1 7. Also, 
the first recording mechanism 25 may not be connected 
directly to the bus 23, but may be connected via the sec- 
ond recording mechanism 26. Also the first and second 
recording mechanisms may be implemented to a great- 

20 er or lesser extent in software, as will be described here- 
inafter. 

Computer systems typically include memory man- 
agement hardware to keep track of and control the use 
of main memory. It is also usual to divide memory into 

25 pages of specified size and to keep a small record of 
access controls to each page. Hardware mechanisms 
also exist for updating a record for a page with a bit that 
indicates that the page has been modified. This bit is the 
so-called 'dirty' bit for a page. A page of memory is called 

30 'clean' when no writes have been made to it to change 
it from its initial state, and 'dirty' after such a write has 
been made. Software can cause a page to be marked 
'clean' by clearing the dirty bit for that page in the mem- 
ory management unit record. Hardware will later set the 

35 bit to 1 to indicate that the page has been written to. In 
normal operation, many pages of computer memory will 
be considered by the memory management unit to be 
dirty most of the time. Accordingly, if a conventional 
memory management unit operating in a conventional 

-^0 manner is provided in each of the processing sets of a 
lockstep fault tolerant computer system, it is thus likely 
that many pages will be marked dirty when an out-of- 
sync event occurs. 

Because the memory management unit of a con- 

-^5 ventionally configured computer processing set is usu- 
ally under the control of the running operating system, 
in a first embodiment of the invention an additional mem- 
ory management unit is provided purely for the use of 
the software which reintegrates processing sets after an 

50 out-of-sync event. 

Figure 4 shows a conventional memory manage- 
ment unit 40 which has been customised to include only 
information on which pages of memory are dirty and 
which are clean. In the following description this type of 

55 memory management unit is termed a 'dirty RAM*. Soft- 
ware 42 may access the dirty RAM storage 46 to check 
which pages are dirty, and can write it directly to change 
the status of a page to dirty or clean. In addition, hard- 
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ware 44 automaticaliy changes to 'dirty' the state of the 
record for any page of main memory which is written to 
via the bus 23. In this embodiment only one bit of dirty 
RAf^ storage 46 is uled for each entire page of main 
memory. It is not necessary that the size of the 'pages' 
monitored by the dirty RAM is the same as the size used 
by other memory management units in the system, but 
it is often both convenient and efficient that the pages 
all have the same size. Computers tend to work in pages 
and a write access to one part of a page often implies 
that other locations within the same page will also be 
written. However, a conventional memory management 
unit as shown in Figure 3 will not in itself be sufficient to 
implement the task in hand because most of the pages 
are usually dirty as described above. 

Figure 5 is a schematic block diagram of a dirty 
RAM 50 for a first embodiment of the invention. In Figure 
5. the dirty RAM 50 is provided with a separate enable 
input 58 whereby the hardware 54 only begins to log 
dirty pages in the dirty RAM storage 56 after the 
processing sets have gone out of sync. The signal on 
the enable input is asserted in response to the detection 
by the voter 1 7 of ah out-of-sync event. 

The dirty RAM enable input 58 allows the operation 
of the dirty RAM system. In normal operation, with 
processing sets running in sync, the dirty RAM enable 
input is not asserted and the dirty RAM 50 is set by the 
software 52 such that all pages are given 'clean' status. 

When an out-of-sync event occurs, the enable input 
58 becomes asserted. While the enable input is assert- 
ed (i.e.. while the processing sets are out of sync), the 
dirty RAM logs the pages of main memory written to. 
The pages which are written to will be those which po- 
tentially differ on the running and the out-of-sync 
processing sets. A dirty RAM with an enable input as in 
Figure 5 is provided in each processing set and is con- 
nected there to the respective system bus 23. While the 
processing sets are running in sync, each dirty RAM is 
held in the clean state by the software 52. When it is 
detected that the processing sets are running out of sync 
the dirty RAM logging is enabled. In this embodiment, a 
hardware enable signal 58 is generated in the out-of- 
sync detection hardware (i.e., the voter 17) on detecting 
that the processing sets 10, IT 12 are out-of-sync. In 
other words, whenever the voter detects a difference in 
the output from the processing sets, it generates a signal 
which is supplied to each processing set to form the as- 
serted out-of-sync signal. Once asserted, the out-of- 
sync signal is not negated until the processing sets have 
been reinstated. In other embodiments, the enable sig- 
nal could be generated by software. 

After an out-of-sync event, software and/or hard- 
ware mechanisms act to reconfigure the fault tolerant 
computer system. The system carries on running nor- 
mal operations with at least one processing set. At least 
one processing set, including the out-of-sync process- 
ing set is taken out of operation. This out-of-sync 
processing set thereby stops running normal operations 



8 

and waits to be reintegrated into the running system. 
Memory writes done on the running and the out-of-sync 
processing set produce divergence in the main memory 
contents in the running and out-of-sync processing sets. 

5 When software on the running system comes to re- 

integrate the out-of-sync processing set, it accesses the 
dirty RAM on the running system to find pages of mem- 
ory that have been dirtied since the out-of-sync event. 
It also accesses the dirty RAM in the out-of-sync 

10 processing set. This dirty RAM tells which pages have 
been modified by the out-of-sync processor(s) since the 
divergence began. If a page of -memory is mentioned 
as dirty in any of the dirty RAMs, on the running and out- 
of-sync processing sets, it has to be copied by the re- 

15 integration software to bring the out-of-sync processing 
sets back into sync. If a page of memory is not marked 
as dirty in any dirty RAM, it can be ignored, as it will still 
be correct on the out-of-sync processing set. 

In an alternative embodiment of the invention, if the 

20 processing sets have a dirty RAM store with no enable 
pin, operating all the time to log dirty pages, software 
could be activated by a hardware signal on the out-of- 
sync event to clean out the dirty RAM. This software 
must carefully note any pages which it itself dirties dur- 

25 ing the cleaning process. 

In yet another alternative embodiment, an ordinary 
memory management unit can also be used to collect 
the dirty page information. In this alternative embodi- 
ment, software is arranged to modify the page tables at 

30 the out-of-sync event so that all pages of main memory 
are write protected. This means that write cycles to 
memory will result in a bus error exception to the proc- 
essor The processor can then act on each bus error first 
to add the written page to a software-maintained list of 

35 dirty pages, then to remove the write protection for that 
page so that future writes there will complete normally. 
This has the advantage that only a single list of dirty pag- 
es need be examined by the reintegration software, with 
no searching through clean pages to look for occasional 

-^0 dirty ones. 

It should be noted, however that it is desirable to 
provide a separate 'dirty memory' rather than to use us- 
ing conventional memory management units with addi- 
tional software to collect dirty page information. This is 

■^5 because the use of conventional memory management 
units suffers from twin disadvantages. Firstly, the con- 
ventional computer operating system software may be 
using the memory management unit for its own purpos- 
es. Secondly, conventional memory management units 

50 work for only a single processor and cannot cover multi- 
processor operation or direct memory access by I/O de- 
vices. 

Whatever method is used to collect the data on dirty 
memory pages, there are likely to be problems near the 
55 out-of-sync event. Some time has to elapse between the 
detection of the out-of-sync event and the enabling of 
the dirty RAM data collection, and a few dirty pages may 
go unrecorded in this period. Exactly how many pages 
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are missed depends on the implementation of the dirty 
RAM. but even a single missed page is enough to make 
useless the scheme of copying only some, not all. of 
main memory after an out-of-sync event. 

Accordingly, in embodiments of the invention, a 
mechanism is also provided for recording memory write 
events around the out-of-sync event. 

The mechanisms described above for providing a 
record of dirty pages are put into operation starting at 
the out-of-sync event, and can record all the pages re- 
quired following that event. However, to complement 
this a separate, temporary record is required for pages 
dirtied close to the out-of-sync event. This separate 
record has to take account of write events over a limited 
time, preferably on a rolling basis. This separate record 
needs to have a capacity sufficient to accommodate 
write events which might occur between the out-of sync 
event itself and the time the mechanisms described 
above can start recording. This separate record is called 
the secondary dirty page record in the following descrip- 
tion, to distinguish it from the 'dirty RAM' already dis- 
cussed above. 

The secondary dirty page record has to be operat- 
ing continually (at least until an out-of-sync event oc- 
curs), because it cannot be predicted when a fault will 
send it out-of-sync. It is the job of the secondary dirty 
page record to remember those pages, dirtied just be- 
fore or after an out-of-sync event, that may not be prop- 
erly collected by the dirty RAM. The secondary dirty 
page record also has to have limited time memory If it 
remembered pages dirtied indefinitely far in the past, it 
would eventually list all memory pages as being dirty It 
should only remember far enough back past the out-of- 
sync event to ensure that divergently dirtied pages 
which the primary dirty page store cannot catch are in- 
cluded, 

In some embodiments described below, where the 
secondary dirty page record operates in parallel with the 
dirty RAM, the secondary page record is frozen at or 
soon after the out-of-sync event. In these embodiments, 
if it were left running, the limited-time nature of the 
record could eventually allow the important information 
about the out-of sync event to be overwritten or lost. This 
can conveniently be done by responding to the asserting 
of the dirty RAM enable signal to inhibit the operation of 
the secondary page record. 

Once the secondary dirty page record has been fro- 
zen, either software or hardware can examine it and 
cause dirty pages listed there to be added to the primary 
dirty RAM, or to a separate list for copying by the reinte- 
gration software. Both out-of-sync and running process- 
ing sets have secondary dirty page records. Software 
can examine and compare the records and deduce 
which pages were actually dirtied in sync by the 
processing sets, if needed. This will decrease the 
number of pages to be copied. 

In one embodiment a logic analyzer is used to col- 
lect information for the secondary dirty page record. Fig- 



ure 6 shows a logic analyzer 60 observing the bus 23 of 
a processing set. A logic analyzer 60 with a trigger 
mechanism 66. clock qualifier 62 and address generator 
64, is provided for each prpcessing set. The logic ana- 

5 lyzer is usually running. The analyzer 60 is triggered 
causing data collection to stop, by the assertion of the 
processing set out-of-sync signal which same signal 
starts the primary dirty RAM collecting data. The logic 
analyzer eventually stops operating and keeps a record 

TO of computer bus operation both before and after the out- 
of-sync event. By analysing the logic analyzer traces 
from the out-of-sync and running processing sets after 
an out-of-sync event, it is possible to deduce which of 
the stored transactions is a divergent write cycle. The 

TS relevant pages can then be added to a set of pages writ- 
ten to in a software-maintained secondary dirty page 
record. The logic analyzer needs to store at least the 
address and control information for each bus cycle so 
that pages written to can be determined. The analysis 

20 of the logic analyzer outputs can readily be effected by 
software routines. 

The advantage of using a logic analyzer for the sec- 
ondary dirty page record is that lockstep fault tolerant 
computers will typically have logic analyzers built in, and 

25 triggered on the out-of-sync event, for fault diagnosis. It 
is then merely necessary to provide the software to con- 
trol and analyze the output of the logic analyzers as de- 
scribed above. 

As an alternative, a write buffer can provide storage 

30 for the secondary dirty page record. Figure 7 shows a 
first-in-first-out memory 70 used as a short-term buffer 
for writes to main memory over the internal bus 23. In 
normal in-sync operation, writes tomain memory are de- 
coded by write decode logic 71 and the page number of 

3S each write is written into the FIFO 70. When the out-of- 
sync occurs, the hardware out-of-sync detection signal 
58 inhibits further writes into the FIFO 70. Later, soft- 
ware can examine the FIFO 70 contents to add pages 
to the dirty page list. The advantage of the write buffer 

■^0 for a secondary dirty page record is that it is simpler in 
both software and hardware than a logic analyzer. 

In further alternatives, the write buffer can be ar- 
ranged in series with the dirty RAM. 

Figure 8 illustrates a first example of a combination 
of a first and secondary recording mechanism, where a 
write buffer is arranged in series with a dirty RAM. The 
arrangement of Figure 8 is based on a combination of 
the arrangements of Figures 4 and 7. In this case, a 
FIFO buffer 80 is operating continually to record write 

so events to memory for a processing set with the write 
events being decoded continually by the write decode 
logic 81 to supply page addresses for storage in the 
FIFO 80. In the present case it is not necessary for the 
write decode logic to receive an inhibit input as will be 

S5 described later. Page addresses supplied to the FIFO 
80 appear, after a delay at the output of the FIFO 80. 
However, they are prevented from being passed to the 
dirty RAM storage 86 by means of the gate 84 until the 
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gate is enabled by an out-of-sync signal on the line 58. 
This out-of sync signal effectively provides an enable 
signal for the dirty RAM as it then enables the page ad- 
dresses from the Fl FO 80 to be supplied to the dirty RAM 
storage 86. whereby appropriate page bits can be set. 
Software 82 can be used to clear the dirty RAM storage 
86 at any time prior to an out-of-sync event so that it is 
'clean' when the out-of-sync signal is supplied. 

In this embodiment, it is not necessary to disable 
the FIFO buffer 80. as the contents of the FIFO buffer 
SO are automatically stored in the dirty RAM after a time 
dependent on the size of the FIFO 80 and the frequency 
of the write events. In this embodiment the reintegration 
mechanism preferably takes account of the dirty RAM 
86 and the FIFO 80. 

Figure 9 illustrates a second example of a combi- 
nation of a first and secondary recording mechanism, 
where a write buffer is arranged in series with a dirty 
RAM. In this example, a FIFO buffer 90 is operating con- 
tinually to record write events to memory for a process- 
ing set. The output from the FIFO buffer 90 is supplied 
to an address decoder 91 which is only enabled in re- 
sponse to the out-of-sync enable signal 58. When the 
address decoder 91 is not enabled, the output of the 
FIFO buffer is effectively discarded. Only when the ad- 
dress decoder is enabled are dirty page bits output from 
the address decoder 91 for storage in the appropriate 
page location in the dirty RAM storage 96. 

Optionally, the out-of-sync enable signal is also 
supplied to the dirty RAM itself, although it will be ap- 
preciated that supplying the out-of-sync signal to the ad- 
dress decoder effectively provides an enable signal for 
the dirty RAM. As for the Figure 8 example, in this em- 
bodiment it is not necessary to disable the FIFO buffer 
90. as the contents of the FIFO buffer 90 are automati- 
cally stored in the dirty RAM after a time dependent on 
the size of the FIFO 90 and the frequency of the write 
events. In this embodiment the reintegration mecha- 
nism preferably takes account of the dirty RAM 96 and 
the FIFO 90. 

A further software-implemented embodiment 
makes use of a table look-aside buffer (TLB) and an as- 
sociated TLB miss routine, plus a dirty page store which 
is created in main memory. A TLB forms a standard part 
of most computer addressing schemes using paged 
memory. Some computers maintain TLB entries with a 
software TLB miss routine, instead of fixed hardware. In 
this embodiment, and following a fault event, software 
can note the TLB entries currently specifying writable 
pages, and add those to the soft dirty page store. Soft- 
ware can also transfer to this a list of writable pages re- 
cently flushed from the TLB. This list is maintained by 
the miss routine in normal circumstances, before the 
fault event, and indicates pages which might have been 
written close to the fault event and Immediately flushed 
from the TLB. Following this, while reintegration is in 
progress, software in the TLB miss routine adds each 
page written to the soft dirty page store. In this way, a 



record of dirty pages can be created. 

The approaches described above can be applied in 
a triple-modular-redundant (TMR) system. Some TMR 
lockstep systems switch to running with a single 
5 processing set when an out-of-sync event occurs. This 
requires two separate reintegration phases to recover. 

An example will be described where a TMR system 
is running with processing sets 10, 11 and 12 in sync. 
In this example, reintegration is performed by software 
10 under the control of a control computer forming part of 
the voter 17. 

For this example, it is assumed here that processing 
set 1 2 suffers a dram soft error which takes the system 
out of sync. The voter detects the out-of-sync event and 

75 arbitrarily chooses processing set 10 to carry on and 
idles processing sets 11 and 12. Each of processing sets 
10, 11 and 12 has its own primary dirty RAM and sec- 
ondary dirty page record, all capturing the differentially 
dirtied data since the out-of-sync event. 

20 To reintegrate processing set 11, all of the pages 
mentioned as dirty in processing set 10 dirty RAM, 
processing set 1 0 secondary dirty page record, process- 
ing set 11 dirty RAM and processing set 11 secondary 
dirty page record are copied from processing set 10 to 

25 processing set 1 1 . 

Then, to reintegrate processing set 12, all the pages 
mentioned as dirty in processing set 10 dirty RAM. 
processing set 10 secondary dirty page record, process- 
ing set 12 dirty RAM and processing set 12 secondary 

30 dirty page record are copied from processing set 10 to 
processing set 12. 

During the reintegration of processing set 11, the 
processing set 10 has to continue to record the dirtying 
of pages. If the processing set 10 dirty page RAM is in- 

35 operative during some part of this process, software 
must maintain a separate list of pages being dirtied to 
add to the list of pages copied to processing set 12. 

There has been described, therefore, embodiments 
of the invention in which there are provided: a primary 

40 dirty RAM, for example a dedicated memory manage- 
ment unit or a conventional memory management unit 
with control mechanisms; a secondary dirty page record 
which records a limited number of write events to mem- 
ory around the out-of-sync event, sufficient to capture 

45 all divergent writes until the primary dirty RAM is ena- 
bled: and a mechanism, either hardware or software, to 
start the primary dirty RAM recording the dirtying of pag- 
es shortly after an out-of-sync event, and where appro- 
priate to stop the secondary dirty page record. By ex- 

50 amining the primary dirty RAM and secondary dirty page 
record of two processing sets and copying the pages of 
memory mentioned as dirty in any dirty page record to 
the out-of-sync processing set the system can be rein- 
stated in an efficient manner 

55 Although particular embodiments of the invention 
have been described herein, it will be appreciated that 
many modifications and/or additions may be made with- 
in the spirit and scope of the present invention. 
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For example, various combinations of the first and 
second recording mechanisms described above may be 
provided. Also the various elements and techniques de- 
scribed above may be implemented using any appropri- 
ate hardware or software technology. 

Although a specific example of a TMR system has 
been described, the invention is not limited thereto. 
Moreover, other methods than majority voting can be 
used to identify an out-of-sync processing set. Although 
particular embodiments of the inventions have been de- 
scribed, it will be appreciated that the invention is not 
limited thereto, and many modifications and/or additions 
may be made within the scope of the invention. For ex- 
ample, different combinations of the features of the de- 
pendent Claims may be combined with the features of 
the independent Claims. 



Claims 

1 . A memory management system for a fault tolerant 
computer system, said memory management sys- 
tem comprising: 

a first recording mechanism which can be acti- 
vated to record memory update events: 
a second recording mechanism having a ca- 
pacity to record at least a limited number of 
memory update events: 

a fault input for a fault signal to activate said 
first recording mechanism in the event of a fault 
event: and 

a memory reintegration mechanism to reinte- 
grate at least parts of memory identified in said 
first and second recording mechanisms. 

2. A memory management system according to Claim 
1 , wherein said first recording mechanism is a mem- 
ory management unit comprising storage having an 
entry for each of a plurality of memory pages, a code 
being written to a page entry each time that page is 
written to when said first recording mechanism has 
been activated. 

3. A memory management system according to Claim 
1 or Claim 2.. wherein said first recording mecha- 
nism has an enable input connected to receive the 
fault signal for activating said first recording mech- 
anism. 

4. A memory management system according to any 
preceding Claim, wherein said second recording 
mechanism maintains a record of recent memory 
update events up to a number sufficient to cover the 
time to activate said first recording mechanism fol- 
lowing a fault event. 

5. A memory management system according to Claim 



4, wherein said second recording mechanism com- 
prises a first-in-first-out buffer. 

6. A memory management system according to Claim 
5 5, wherein said first recording mechanism is con- 
nected to an output of said first-in-first-out buffer. 

7. A memory management system according to Claim 
6, wherein said first-in-first-out buffer stores up to a 

10 predetermined number of update addresses, an ad- 
dress decoder is connected to said output of said 
first-in-first-out buffer to generate a page signal rep- 
resentative of a memory update address output 
from said first-in-first-out buffer and said address 

15 decoder is responsive to said fault signal to pass 
said page signal to said first recording mechanism. 

8. A memory management system according to any 
one of Claims 1 to 4, wherein said second recording 

20 mechanism comprises a logic analyzer. 

9. A memory management system according to any 
preceding Claim, wherein said second recording 
mechanism maintains a record of recent memory 

25 update events up to a number sufficient to cover the 

time to activate said first recording mechanism fol- 
lowing a fault event, the operation of said second 
recording means being inhibited in response to said 
fault signal. 

30 

1 0. A memory management system according to Claim 
9, wherein said first recording mechanism compris- 
es a software generated list of update events. 

35 11. A memory management system according to any 
one of Claims 1 to 4, wherein said second recording 
mechanism comprises a table look-aside buffer and 
a memory access table maintained in main memory 

40 12. A memory management system according to any 
preceding Claim, wherein said memory reintegra- 
tion mechanism is operative to reintegrate memory 
pages identified in said first and second recording 
mechanisms. 

45 

13. A memory management system according to any 
one of the preceding Claims, wherein said fault 
event is an out-of-sync event. 

50 14. A memory management system according to any 
one of the preceding Claims, wherein said memory 
update event is a write event. 

15. A fault tolerant computer system comprising a plu- 
55 rality of synchronous processing sets, each com- 

prising a processor and internal memory and oper- 
ating in lockstep, and an out-of-sync detector for de- 
tecting an out-of-sync event and for generating an 
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out-of-sync signal, wherein each processing set in- 
cludes a mennory management system according 
to any one of the preceding Claims. 

1 6. A fault tolerant computer system according to Claim 
15, comprising three synchronous processing sets 
operating in lockstep, wherein said out-of-sync de- 
tector determines an out-of-sync processing set by 
majority voting. 

1 7. A fault tolerant computer system according to Claim 
26, wherein said out-of-sync detector is arranged to 
select one of the remaining two processing sets, to 
supply an input to the out-of-sync processing set 
and the remaining processing set to cause said out- 
of-sync and remaining processing sets to idle, to re- 
integrate one of said out-of-sync and remaining 
processing sets while maintaining a software log of 
memory write events, and then to reintegrate said 
other of said out-of-sync and remaining processing 
sets using said software log. 

18. A method for reintegration of a processing set of a 
fault tolerant computer system comprising a plural- 
ity of synchronous processing sets, each compris- 
ing a processor and internal memory and operating 
in lockstep, and a fault detector for detecting a fault 
event and for generating a fault signal, said method 
comprising: 

maintaining a temporary record of memory up- 
date events over a limited period: 
responding to said fault signal to activate a fur- 
ther record of memory update events following 
said fault state: and 

performing memory reintegration in a proces- 
sor in which a fault has occurred for at least 
those parts of memory identified in said tempo- 
rary and further memory records. 

19. A method according to Claim 18= wherein said fault 
event is an out-of-sync event. 

20. A method according to Claim 18 and Claim 19, 
wherein the further record is stored in a storage of 
a memory management unit, a page entry in said 
storage being provided for each page of memory, a 
code being written to a page entry each time that 
page is written to when said first recording mecha- 
nism has been activated. 

21 . A method according to any one of Claims 1 8 to 20, 
comprising maintaining a record of recent memory 
update events up to a number sufficient to cover the 
time to activate said further record. 

22. A method according to Claim 21 , wherein said tem- 
porary record is stored in a first-in-first-out buffer. 



23. A method according to Claim 22, comprising con- 
necting a recording mechanism for the further re- 
cording to an output of said first-in-first-out buffer. 

5 24. A method according to Claim 23. comprising the 
steps of storing up to a predetermined number of 
update addresses in said first-in-ftrst-out buffer, 
supplying the output of said first-in-first-out buffer to 
an address decoder to generate a page signal rep- 

w resentative of a memory update address output 
from said first-in-first-out buffer, and recording said 
page signal as part of said further recording when 
said fault signal is active. 

/5 25. A method according to Claim 21, wherein said tem- 
porary record is stored in a logic analyzer. 

26. A method according to Claim 21, comprising the 
steps of maintaining said temporary record of re- 
20 cent memory update events up to a number suffi- 

cient to cover the time to activate said first recording 
mechanism following a fault, said temporary record 
being inhibited in response to said fault signal. 

25 27. A method according to Claim 26. comprising gen- 
erating a list of update events by software. 

28. A method according to Claim 21 , comprising form- 
ing said temporary record by means of a table look- 

30 aside buffer and a memory access table maintained 

in main memory. 

29. A method according to any one of Claims 21 to 28, 
comprising the step of reintegrating memory pages 

35 identified in said temporary and further records. 

30. A method according to any one of Claims 21 to 29, 
comprising three synchronous processing sets op- 
erating in lockstep, wherein an out-of-sync detector 

-^0 determines an out-of-sync processing set by major- 

ity voting. 

31. A method according to any one of Claims 21 to 30, 
comprising the steps of, in response to the identifi- 

45 cation of an out-of-sync processing set, selecting 

one of the remaining two processing sets, supplying 
an interrupt to the out-of-sync processing set and 
the remaining processing set to cause said out-of- 
sync and remaining processing sets to idle, reinte- 

50 grating one of said out-of-sync and remaining 
processing sets while maintaining a software log of 
memory write events, and then reintegrating said 
other of said out-of-sync and remaining processing 
. sets using said software log. 

55 
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